Objectives: Assess the feasibility of drawing tuning curves from the masking function of steady state potentials. Develop a noninvasive tool for research applications on cochlear frequency selectivity in sedated animals. Obtain pilot human data validating auditory steady state evoked potential-derived (ASSEP) tuning curves against psychophysical data.
INTRODUCTION
The auditory periphery can be modeled as a frequency analyzer made up of many partially overlapping band-pass filters covering the entire range of audible frequencies (Moore, 1998) . The resolving power or frequency selectivity of the cochlea is best measured at the level of primary cochlear neurons, because the auditory nerve is the bottleneck through which all the primary neural code built up by the auditory periphery must proceed to reach the brain. According to the tonotopy principle, each auditory nerve fiber is tuned to a given frequency called its characteristic frequency (CF) to which it responds for the lowest sound pressure level (SPL). Tuning curves of single auditory nerve fibers provide a measure of the relative sensitivity of the fiber as a function of signal frequency by plotting the minimal SPL that a pure-tone stimulus must reach to induce a threshold increase of the spontaneous discharge rate, as a function of signal frequency (Kiang, et al., 1967; Tasaki, 1954) . Such single-fiber tuning curves exhibit a characteristic V-shaped contour (Evans, 1970; Galambos & Davis, 1943) .
The general morphology of tuning curves is asymmetrical, high-frequency slopes being steeper than low-frequency ones whereas, at around 30 to 60 dB above CF threshold, most curves exhibit a sudden decrease of the low-frequency slope that develops into a plateau or tail indicating that the fiber responds to a whole range of low-frequency stimuli provided that their level is sufficient (Evans, 1975) . Below the tail level, the narrowly tuned tip portion of the curve points to the CF.
The characteristics of the frequency selectivity measured in the cochlear nerve are determined within the cochlea (Allen, 1980; Russel & Sellick, 1978) and do not seem to be significantly modified upstream in the central auditory nervous system, so that when tuning is measured behaviorally by psychoacoustic methods, it still essentially reflects the behavior of the peripheral, cochlear auditory filters (McGee, et al., 1976; Moore, 1997; Oxenham & Shera, 2003; Pickles, 1979) . The commonest method for recording psychoacoustic tuning curves involves masking a low-level (usually 10 to 15 dB above threshold) pure-tone probe by pure-tone or narrowband maskers of different frequencies. The low-level probe recruits a small number of auditory neurons tuned to the probe frequency and, on the assumption that masking occurs as soon as a fixed amount of masker-induced activity is obtained in the probe-recruited neurons, a plot of their tuning can be drawn by determining what the minimal masking level is for each masker frequency. A few methodologic variations of this basic scheme have been described, with two main variants of the masking method: simultaneous-and forward-masking (Moore, 1978) . In the former method the masker is maintained during probe presentation, whereas in the latter method the probe is presented several milliseconds after masker offset. Forward masking is used to obliviate nonlinearities linked to two-sound interactions (Moore, 1978; Pickles, 1988) and implies that probes are transient stimuli.
Both psychoacoustic and single-fiber tuning curves can be parametrically characterized by several descriptors such as the Q 10 dB value (defined as the probe frequency divided by the tuning curve bandwidth 10 dB above its lowest level), the high-frequency, and low-frequency slope values. The maximal masker frequency, that is, the frequency at which the masker requires the lowest level, defines the tip of the curve, which in normal ears is close to the probe frequency (Vogten, 1974 (Vogten, , 1978a .
The frequency resolution of the peripheral filters is a basic parameter of cochlear functioning. Its deterioration has farreaching consequences for perceiving complex sounds, this being especially true for music and speech, loudness perception, and separating signal from noise (Moore, 1995) .
For clinical purposes, the interest in the frequency resolution of the auditory system has stemmed from the demonstration that cochlear hearing loss almost systematically alters this function, albeit in a way that is variable and difficult to predict from subject to subject. Broadening of auditory filters associated with cochlear hearing loss (Florentine, et al., 1980; Glasberg & Moore, 1986; Moore, 1998; Pick, et al., 1977; Zwicker & Schorn, 1978) can lead to filter widths up to four to six times greater than for normally hearing subjects (Moore & Glasberg, 1997) . As compellingly demonstrated by Liberman and Dodds (1984a,b) , a variety of changes in single-fiber tuning curves can be found consecutive to the hearing loss induced by various types of noise exposure.
More recently, psychoacoustic tuning curves have also been used to assess the presence of dead cochlear regions which have been defined as "a region in the cochlea where inner hair cells and/or neurons are functioning so poorly that a tone producing peak vibration in that region is detected by off-place listening" (Moore, 2001) . If the frequency of the signal falls within a dead region, then the tip of the tuning curve (i.e., the maximal masker frequency) shifts away from the signal frequency, signaling off-place-also called off-frequency-listening, that is, the detection of a given frequency by tonotopic regions remote from the one normally associated with the stimulus frequency (Florentine & Houtsma, 1983; Moore, et al., 2000; Moore & Alcántara, 2001; Turner, et al., 1983) . Being fooled by the off-place listening phenomenon, the standard pure-tone audiogram does not reliably identify or delimit dead regions (Moore, 2001) . The diagnosis of dead cochlear regions currently attracts growing interest, because the condition may significantly affect the rehabilitation strategy (Baer, et al., 2002; Mackersie, et al., 2004; Preminger, et al., 2005; Vickers, et al., 2001) .
Because single-fiber tuning curve recordings imply invasive methods and psychoacoustic measurements require cooperative subjects able to yield multiple masked threshold values, a third kind of method has been devised for noninvasive, objective, physiologic tuning curve measurements. These methods combine a simultaneous-or forward-masking technique with probeelicited evoked potentials (EP) recording to define the masker levels inducing a given amount of EP suppression. The first evoked potential tuning curve studies relied on the compound action potential (CAP) of the cochlear nerve to demonstrate, in various species, including humans, that the CAP tuning curves were good predictors of single-fiber tuning curves (Abbas & Gorga, 1981; Dallos & Cheatham, 1976; Eggermont, 1977; Harris, 1979; Harrison, 1981; Harrison, et al., 1981a; Hellstrom & Schmiedt, 1996; Ruggero & Temchin, 2005) . For the human species, Eggermont (1977) and Harrison et al. (1981a) used transtympanic electrocochleography to provide data which also closely resembled animal single-fiber tuning curves. With the advent of the auditory brain stem response (ABR), tuning curves based on ABR wave V evoked by brief frequencyspecific stimuli have also been explored (Brown & Abbas, 1987; Dolan, et al., 1985; Gorga, et al., 1983; Harrison, 1984; Klein & Mills, 1981; Klein, 1983; Mitchell & Fowler, 1980; Supin, et al., 1993) . The general conclusion of the abovementioned studies was that ABR tuning curves are valid means of measuring the peripheral frequency selectivity, because they are qualitatively similar (i.e., they share the same morphology) to those obtained psychophysically or at the single unit level. Quantitatively, however, ABR tuning curves have been found to lack precision, a finding assigned to the use of abrupt onset stimuli, to the rather high intensities of the probe, and to the wide variation in the criteria applied to the required level of suppression (Gorga, et al., 1983) .
So far, the ABR tuning curve method, although being totally noninvasive, has found very little room for routine application, either in the experimental animal context or in clinical human applications. The main reason for this is probably the rather prohibitive amount of time required to define the masker level inducing the required amount of EP suppression (Klein & Mills, 1981; Poncelet, et al., unpublished pilot data) and the reduced quantitative precision afforded by the technique (Gorga, et al., 1983) .
Theoretically, a competitive EP method could be developed on the basis of the auditory steady state evoked potentialderived (ASSEPs) tuning curves, because this recently available technique (see Picton, et al., 2003 for a review) possesses several properties that are particularly welcome for this purpose. ASSEPs can be evoked by a long-duration, amplitudemodulated (AM) pure tone having a well-defined line frequency spectrum with three components, whereas transient tonal stimuli have continuous spectra highly dependent on the shape of their envelope (Gorga & Thornton, 1989) . Hence, AM pure tones benefit from competitive frequency specificity with respect to most transient stimuli (Cone-Wesson, et al., 2002; Hartmann, et al., 1997) . Using the so-called derived-band technique (Don, et al., 1979) , which combines high-pass noise masking and response subtraction to isolate the response from a predefined cochlear tonotopic zone, Herdman et al. (2002) showed that for carrier frequencies of 0.5, 1, 2, and 4 kHz, derived-band AM-evoked ASSEPs for one-octave-width-derived bands ranging in center frequency from 0.25 to 8 kHz had maximum amplitudes within half an octave of the carrier frequency. Another advantage is that being detected in the frequency domain as a peak of electrical cerebral energy at the modulation frequency, ASSEPs can objectively be scored using robust computerized statistical methods that can be applied in real time, thus allowing automation of the procedure (Aoyagi, et al., 1993; Cone-Wesson, et al., 2002; Dobie & Wilson, 1993 , 1994 . Although objective detection methods are also available for ABRs (Don, et al., 1984) , these methods have been validated for click stimuli only and not for tone-bursts (Sininger, et al., 1997) .
The present study had two purposes. The first one was to investigate the feasibility of using ASSEP tuning curves for research applications using sedated dog puppies as experimental animals. The dog has been chosen as an experimental species for our research and development program in auditory clinical neurophysiology because it provides a useful model in the study of hearing loss and its treatment options (Niparko, et al., 1993) . Moreover, our experience with neurophysiologic recordings in both sedated dogs and human children indicates that sedated puppies provide a realistic model for noncooperative children in whom refined electrophysiologic testing under sedation is the only practical method of hearing assessment for rehabilitation purposes. We opted to perform the development phase on an animal model because it was considered unethical to conduct it directly on human children with the necessity of prolonging sedation for mere research and development purposes.
The second purpose, contingent on the success of the first one, was to obtain pilot data investigating whether the ASSEP tuning curves obtained in normal young adult human subjects are valid estimates of psychophysical tuning curves. Psychophysically competent subjects are obviously not the natural target of objective electrophysiologic methods, but are needed for validation of electrophysiologic results against psychophysical data.
METHODS

Experiments
Experiment 1 bore exclusively on normal dog puppies from which ASSEP tuning curves were recorded using AM probe stimuli with carrier frequencies of 1 and 2 kHz. Experiment 2 bore exclusively on normal young human subjects in whom both psychophysical tuning curves and ASSEP tuning curves were obtained. Experiment 2 was made of two parts. Experiment 2a was devoted to psychophysical tuning curves measured at 1 and 2 kHz using AM and pure-tone probes to investigate whether the use of an AM probe had any systematic effect on the resulting tuning curves, because AM probes, which are mandatory for ASSEP recordings, are not a standard stimulus for tuning curve measurements. Experiment 2b was devoted to the validation of ASSEP tuning curves against the standard (pure-tone probes) psychophysical procedure at 2 kHz.
Subjects
Dog puppies • Ten Beagle puppies (one female and nine males) with clean external ears were selected from three litters for the neurophysiologic experiments. Their ages ranged from 8 to 12 wk. They were cared for according to the principles of the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the local ethics committee approved the experimental protocol. The dogs were sedated by an initial intramuscular injection of medethomidin (Pfizer Animal Health, Belgium) dosed according to the weight/dose table provided by the manufacturer; half doses were added every 60 min. The puppies were maintained on a heated pad and their body temperatures were maintained between 37 and 38°C. They were installed in a cubic sound-treated enclosure with the vertical frontal face left open for easy access. Animal welfare considerations limited the duration of the recording sessions to a maximum of 5 hr. However, test sessions never exceeded 3 hr.
Human subjects • Twelve normal young unpaid adult volunteers (nine women, three men), aged between 22 and 33 yr were enrolled for the psychophysical experiments. Their hearing thresholds were better than 15 dB HL when tested at octave intervals from 0.25 to 8 kHz in each ear. No subject had any history of ear disease, and none reported any significant noise exposure for the 24 hr before testing. Ten of these12 subjects completed the psychoacoustical measurements with the 1 and 2 kHz probes, whereas the other two could be tested at 2 kHz only.
Six of the 12 subjects having participated in the psychoacoustical measurements had their ASSEP tuning curves recorded during natural sleep. Seven subjects had initially been enrolled but one of them failed to sleep for a sufficiently long time so that his data had to be discarded.
Tuning Curve Procedures Common to Experiments 1 and 2
Probe stimuli were either AM pure tones with a modulation depth of 100% or unmodulated pure tones. For AM probes, modulation rates of 81 and 88 Hz were, respectively, applied for probe carrier frequencies of 1 and 2 kHz. These values are the ones recommended for sedated human subjects (Aoyagi, et al., 1993; Levi, et al., 1993) , and result in reasonably narrow spectra. These modulation rates are suboptimal for dog puppies, but should not yield canine ASSEP thresholds elevated by more than 10 to 20 dB with respect to the optimal rates reaching 150 to 200 Hz in this species (Markessis, et al., 2006) . Such an increase of the probe levels was not expected to modify canine tuning curve parameters significantly, because CAP tuning curve recordings in guinea pigs (Dallos & Cheatham, 1976) showed that probe levels ranging from 10 to 40 dB above threshold did not significantly modify tuning curve sharpness.
Simultaneous masking was used for both ASSEP and psychophysical tuning curves. All maskers were narrowband and were centered on the probe frequency and adjusted in bandwidth according to the latter value. Narrowband maskers were used to reduce the influence of beats around the tip (Kluk & Moore, 2004; Moore, 2004) . The bandwidths amounted to 320 Hz for the 2-kHz probe and to 180 Hz for the 1-kHz probe.
Maskers were synthesized, with a 25-kHz sampling rate, under National Instruments (NI) LabVIEW software by addition of 1-min duration pure sine waves of unitary amplitude with frequencies covering the desired bandwidth by 0.1-Hz steps. The sinusoids starting phase values followed a rectangular random distribution. The resulting narrowband noises were scaled so that their maximal peak to peak amplitude was just below the maximal analog output of the Tucker-Davis Technologies (TDT) system III hardware used for playing the 1-min noise sequences in a continuous loop, under the TDT digital sound processing RpvdsEx version 5.4 software. A passive (resistive) fixed attenuator diminished this output by 30 dB to avoid that the noise floor level of the analog output be transduced by the very sensitive Etymotic Research (ER) earphone transducer used. Ten maskers with central frequencies ranging from 600 to 1500 Hz by 100-Hz steps were synthesized for use with the 1-kHz probe and another 13 with central frequencies ranging from 1500 to 2700 Hz by 100-Hz steps were built for use with the 2-kHz probe.
Calibration of both probes and maskers was carried out using a sound level measuring chain made up of a Brüel and Kjaer (BK) artificial ear type 4152 fitted with a BK DB0138 2 cc coupler, a condenser microphone BK 4144, a preamplifier BK 2669, and a conditioning amplifier BK 2690, the output of which was fed to a NI PXI-4461 dynamic signal acquisition device for analog-to-digital conversion and data transfer to the NI LabVIEW 7 Sound and Vibration Toolkit software package, the latter acting as a virtual sound level meter and frequency analyzer. The measuring chain described above without the coupling cavity was calibrated using a BK Sound Level Calibrator type 4231. The linearity of the masker attenuation was verified across the measurable intensity range.
The 10 maskers used for the 1-kHz probe had individual maximal acoustical levels fluctuating between 96.3 and 99.6 dB SPL and the 13 ones used with the 2-kHz probe had individual maximal acoustical levels fluctuating between 96.5 and 99.3 dB SPL. No attempt was made at correcting these small variations of the frequency response curve of the transducer. The acoustical spectra of both probes and maskers were obtained during the calibration procedure using the FFT Subset software of the LabView Sound and Vibration Toolkit with a frequency resolution of 0.78 Hz. Figure 1 illustrates the spectra of each of the two probes superimposed with the spectrum of the masker having the appropriate bandwidth and centered on the probe frequency.
Procedure Specific to ASSEP Tuning Curves
A GSI Audera device running software version 1.0.3.4 was used to generate the AM probes and to record the ASSEPs under the different maskers. AM stimuli and maskers were, respectively, transduced by ER3-50⍀ and ER3-10⍀ insert earphones, each fitted with the appropriate length of silicon tubing. Probe and maskers were acoustically mixed within the ear canal. For dogs, two 13-mm diameter foam tips (Nicolet Biomedical) could easily be accommodated into the external ear canal. For humans, the two silicon tubes converged on an ER-10B probe comprising two acoustic stimuli delivery channels.
The bioelectrical activity was differentially recorded between the vertex (noninverting input) and the ipsilateral mastoid (inverting input). A ground electrode was positioned at the base of the neck in dogs and on the forehead in humans. Subcutaneously, stainless steel needle electrodes were used in dogs, Ag/AgCl disc electrode (10 mm in diameter) were used in humans. Electrode impedance was maintained between 5 and 7 k⍀ throughout the recordings.
The stimulation and recording protocol for sleeping infants, which is part of the GSI Audera software, was used unaltered except for the frequency modulation of the stimulus carrier, which was inactivated.
The ElectroEncephaloGram (EEG) was amplified and bandpass filtered between 10 Hz (roll-off of 6 dB/octave) and 500
Hz (roll-off of Ϫ12 dB/octave). The resolution of the analogto-digital converter was 338 nV/bit, with a conversion rate of 48 kHz. The order in which probe frequency and masker frequencies were tested was randomized across subjects.
Unmasked and masked thresholds were defined on the basis of the squared phase coherence (PC 2 ) test, which is part of the Audera software. The identification of a response was objectively determined in real time by computing the squared phase coherence values at the stimulus modulation rate between successive EEG samples. Given n samples, PC 2 was computed as Α l n sin 2 ϩ Α l n cos 2 n 2 . The decision algorithm was such that the probability of a false response was less than 0.03 (Rance, et al., 1995) . Data acquisition was stopped as soon as this criterion for response identification was reached or when 64 EEG samples had been acquired without reaching the response criterion. In the latter case, the acquisition had a maximal duration of 104 sec. At least two positive replications out of a maximum of three were required to consider a given intensity as yielding a response in the dog so as to lower the false- Fig. 1 . Acoustically measured spectra of the 1 and 2 kHz AM probes superimposed with their associated narrowband masker centered on the probe frequency. For the 1-kHz probe (upper vignette), the masker was 180 Hz wide. For the 2-kHz probe (lower vignette), the masker was 320 Hz wide. Each probe is illustrated at a level corresponding to 10 dB SL for a representative animal (30 and 23 dB SPL at 1 and 2 kHz, respectively). The overall masker levels were the minimal ones necessary to mask the ASSEP evoked by the probes (36.3 and 23.4 dB SPL for 1 and 2 kHz, respectively).
positive risk to less than 0.0009. In humans, because of the time constraints imposed by the unpredictable duration of quiet natural sleep, replications were performed around threshold only. The regression equations used by the Audera software to extrapolate human behavioral thresholds from ASSEP thresholds were not used, all ASSEP thresholds being expressed on the SPL scale. No rejection of artifacted input EEG signal was available in the current version of the Audera ASSEP software, but a negligible number of measurements had to be rejected because of noise contamination in dogs. This was also true in humans, but only during the time periods during which subjects were soundly asleep. The unmasked ASSEP threshold for the probe stimulus was first measured using a descending 5-dB step size. Threshold was taken as the lowest level evoking a response. The probe level was then set 10 dB above this threshold value for ASSEP tuning curve measurements. The minimal level of masker required to suppress the ASSEP was then defined for each masking central frequency. The masker was continuously delivered during ASSEP recording and its level was controlled by a TDT PA5 attenuator. Masker intensity was initially varied in 5-dB steps and by 2-dB steps around threshold.
Procedures Specific to the Psychophysical Tuning Curves
The two probe signals were generated using the TDT system III hardware and software, with a sampling rate of 25 kHz. The maskers were exactly the same as for the ASSEP tuning curves. After digital-to-analog conversion (TDT RP2.1), the masker and the signal waveforms were independently attenuated with a TDT PA5, then electronically mixed with a summator (TDT SM5) before being passed to a headphone buffer (TDT HB7) followed by the fixed resistive attenuator. The mixed signal was transduced by an ER3-10⍀ insert earphone. The long-term spectra of the AM, TDT-generated probes were not discernable from those generated by the Audera as their subtraction yielded a differential spectrum buried in the noise floor of the measurements. Both probe and masker signals were played continuously within the digital sound processing circuitry and were then submitted to time windowing to define the presentation intervals, each of which having a total duration of 220 msec with 10 msec raised-cosine onset and offset ramps. The three presentation intervals constituting a trial were separated by 500 msec silent intervals. Figure 2 provides a time domain representation of the probe and maskers for a single trial (three presentation intervals). For unmasked threshold measurements, the probe was presented alone, at random in one of the three presentation intervals. For masked thresholds, the narrowband masker was added to each presentation interval. Subjects were seated in a sound-treated booth. The psychoacoustic procedure was controlled by TDT PsychosigRP software version 1.05. Psychophysical tuning curves were measured with probe signals presented at 10 dB SL.
Both absolute and masked thresholds were measured using a three-alternative-forced-choice (3-AFC) three-down one-up procedure tracking the 79.4% point on the psychometric function (Levitt, 1971) .
During the test, each presentation interval was indicated on the response box by a light positioned just above the response button associated with the currently active interval. After each response, subjects were provided with feedback by a signal from the lights. A run consisted of 12 intensity change reversals, the threshold estimate being taken as the average of the levels at the last eight reversals. The first four reversals used a 5-dB step size and the last eight used a 2-dB step size.
Data Analysis
To facilitate comparison across tuning curves, they were drawn using as ordinate the masker level (in dB) relative to the minimal masking level measured at the probe frequency (Dolan, et al., 1985) . This means that for a normal ear, tips are expected to be found close to the probe frequency (Moore, 1978; Vogten, 1974) , at 0 dB. A mean ASSEP tuning curve was computed for each condition in the two experiments by averaging the corresponding masker levels for each masker frequency.
The high-and low-frequency slope values were computed as the slopes, in dB/octave, of the regression lines fitted to the data points delineating the two flanks of the curve, excluding any low-frequency plateau. The Q 10 dB values were computed as the width between regression lines 10 dB above their intersection.
All statistical computations were performed using SPSS version 14.0 software. Significance level was set at p Ͻ 0.05.
RESULTS
Experiment 1 (Dogs)
The unmasked thresholds for the AM probe stimuli expressed in dB SPL (mean Ϯ SD) were 36.5 Ϯ 9.8 at 1 kHz and 23.0 Ϯ 4.8 at 2 kHz.
Ten ASSEP tuning curves were obtained at each of the two probe frequencies from the 10 puppies. For each of the two probe frequencies, Figure 3 illustrates the 10 individual ASSEP tuning curves and the two corresponding mean curves. The individual curves have been superimposed to provide an evaluation of the intersubject variability. Their morphology is quite typical, with a well-defined tip, and high-frequency slopes that are steeper than low-frequency slopes. Table 1 provides the means, standard deviations, and ranges of the Q 10 dB , high-and low-frequency slope parameters. A one-way multivariate analysis of variance (MANOVA) for repeated measures showed a significant effect of probe frequency (F(3,7) ϭ 7.705; p ϭ 0.012) on Q 10 dB , high-and low-frequency slope values. Subsequent univariate pair-wise comparisons for each of these dependent variables showed that the Q 10 dB (F(1,9) ϭ 25.412; p ϭ 0.0006) and low-frequency slope (F(1,9) ϭ 13.400; p ϭ 0.005) values were higher at 2 kHz than at 1 kHz, whereas the high-frequency slope values (F(1,9) ϭ 4.482; p ϭ 0.063) were not different.
ASSEP tuning curve variability was assessed by computing the coefficients of variation (SD/mean) of the Q 10 dB values. They amounted to 0.22 at 1 kHz and to 0.09 at 2 kHz.
In most dogs, the maximal masker frequency was shifted toward higher frequencies by 100 to 200 Hz at both probe frequencies. At 1 kHz, the tip was centered on 1200 Hz in three instances, on 1100 Hz in four, and on 1000 Hz in three. At 2 kHz, it was centered on 2200 Hz in one instance, on 2100 Hz in four, and on 2000 Hz in five.
Under stable sedation conditions, the measurement of 10 tuning curve data points required an average recording time of 120 min.
Experiment 2a: Psychophysical comparison between AM and pure-tone probes in humans • Ten psychophysical tuning curves
were obtained at 2 kHz and 1 kHz for each of the two probe types in the same subjects. Figure 4 displays the 10 individual psychophysical tuning curves for each condition. These psychophysical tuning curves also exhibit sharp tips and high-frequency slopes steeper than lowfrequency ones. Table 2 provides the means, standard deviations, and ranges of the Q 10 dB , high-and low-frequency slope parameters for the two types of psychophysical tuning curves.
A two-way MANOVA for repeated measures with probe frequency and stimulus type (AM or pure tone) as withinsubject factors showed a significant effect of probe frequency (F(3,7) ϭ 24.678; p ϭ 0.0004), but neither an effect of stimulus type (F(3,7) ϭ 2.834; p ϭ 0.11) nor an interaction between the two factors (F(3,7) ϭ 1.030; p ϭ 0.435). Subsequent univariate post hoc tests showed a significant effect of probe frequency on Q 10 dB (F(1,9) ϭ 30.886; p ϭ 0.0003), low-frequency slope (F(1,9) ϭ 29.375; p ϭ 0.0004), and on high-frequency slope (F(1,9) ϭ 5.617; p ϭ 0.041) values, the tuning curves being wider at 1 than at 2 kHz.
The coefficients of variation of the Q 10 dB values reached 0.16 (AM) and 0.17 (pure tone) at 1 kHz, and 0.12 (AM) and 0.15 (pure tone) at 2 kHz. Psychophysical tuning curves presented a low incidence of upward tip shifts, which occurred in one instance for the AM probe at 1 kHz and in two (AM) and three (pure tone) instances for the 2-kHz probe. Shift values were limited to 100 Hz.
The overall time needed to obtain 10 masker thresholds amounted to an average of 100 min. Experiment 2b: Comparison between psychophysical and ASSEP tuning curves in humans • ASSEP and psychoacoustical tuning curves were measured with a 2-kHz probe in six subjects. Four of these subjects had already participated in experiment 2a, the other two were psychoacoustically tested at 2 kHz only. The unmasked thresholds for the AM probe stimuli used for ASSEP tuning curve recordings expressed in dB SPL (mean Ϯ SD) were 33.5 Ϯ 7.5. Figure 5 displays the six individual ASSEP tuning curves and the six psychophysical tuning curves obtained in the same subjects. Human ASSEP tuning curves exhibited sharp tips and steeper high than low-frequency slopes. One subject presented a W-shaped ASSEP tuning curve. This was the consequence of a localized increase of the masking threshold. Table 3 provides the means, standard deviations, and ranges of the Q 10 dB , high-and low-frequency slope parameters.
A one-way MANOVA for repeated measures with procedure (ASSEP or psychophysical pure tone) as withinsubject factor revealed a significant effect of the procedure on the Q 10 dB values (F(1,5) ϭ 16.302; p ϭ 0.01) and on the low-frequency slope values (F(1,5) ϭ 7.415; p ϭ 0.042), but not on the high-frequency slope values (F(1,5) ϭ 5.693; p ϭ 0.63).
The coefficient of variation of the ASSEP Q 10 dB values reached 0.14.
A certain proportion of upward shift of the maximal masker frequency, limited to 100 Hz, was observed both for the Fig. 4 . Human psychophysical tuning curves: comparison between curves obtained with a pure-tone probe (left-hand column) and an amplitude-modulated one (right-hand column) at the two probe frequencies. For each of the four conditions, the 10 individual curves have been superimposed. Except in the pure-tone 1 kHz condition where there is none, a few individual curves have tips displaced towards higher frequencies. Masker levels in dB relative to the minimal masking level measured at the probe frequency.
psychophysical measured with a pure-tone probe (1/6) and electrophysiologic (5/6) methods. This difference in the proportion of occurrence of detuning did not reach significance (p ϭ 0.125) as shown by a Mc Nemar test comparing detuning incidence between ASSEP and psychophysical (pure-tone condition) recordings in the six same subjects.
Although the overall duration of recording sessions amounted to an average of 150 min for a 10 data point tuning curve, the accumulated actual recording time, which was limited to quiet sleep periods amounted to 40 min on average.
DISCUSSION
The present work demonstrates the feasibility of drawing realistic tuning curves from the masking function of ASSEPs in sedated dog puppies and sleeping human subjects.
ASSEP Tuning Curve Morphology and Q 10 dB Values
Experiment 1 • Except perhaps at 1 kHz where the left extremity of the low-frequency slopes begins to flatten out, the canine ASSEP tuning curves seem to be limited to a tip segment. This is not surprising because both single-fiber tuning curves (Evans, 1975) and CAP tuning curves measure- ments have shown that tuning curves with CF below 2 kHz have poorly developed tail segments and moreover, the available dynamic range of the masker used in the present study was rather limited with respect to the levels usually associated with the development of a tail. The intersubject variability of ASSEP tuning curves was fairly low as judged by the dispersion of individual curves in Figure 3 and the small values of the coefficients of variation of the Q 10 dB values.
The ASSEP tuning curve Q 10 dB value was significantly higher for the 2 kHz than for the 1-kHz probe, thus following the widely documented positive correlation between CF values and sharpness of tuning (Evans, 1975) .
ASSEP tuning curve Q 10 dB mean values (2.8 and 4.0 for the 1-and 2-kHz probe, respectively) fall within the range of single-fiber tuning curve Q 10 dB values recorded in the cat (Evans, 1975) , CAP tuning curve Q 10 dB values in the guinea-pig (Harrison, et al., 1981a) , CAP-, ABR-, or single-fiber tuning curve Q 10 dB values in the gerbil (Dolan, et al., 1985; Hellstrom & Schmiedt, 1996) as well as the mean values collected in Ruggero and Temchin's meta-analysis in six different species (2005) at the same CFs. The ASSEP tuning curve method therefore yields realistic tuning curve parameters.
The use of a human-specific modulation rate, which was suboptimal for the dog species, did elevate unmasked ASSEP thresholds by an average 15 dB at both probe frequencies relative to those expected of normal dogs at higher modulation rates (Markessis, et al., 2006) . This means that the probe level was still well within the dynamic range of the tip and that this factor should not have biased the Q 10 dB values significantly (Dallos & Cheatham, 1976) . Experiment 2 • The human ASSEP tuning curves measured at 2 kHz yielded qualitatively realistic tuning curves with sharp tips and asymmetrical slopes. Their Q 10 dB mean value (Q 10 dB ϭ 4.8) was, however, significantly smaller than that of the psychophysical tuning curves measured in the same subjects with a pure-tone probe (Q 10 dB ϭ 5.6) and with respect to published psychophysical results using a similar methodology (Moore, et al., 1984 : Q 10 dB ϭ 5.8 for 2 kHz pure-tone probe frequency). Because experiment 2a demonstrated that the use of an AM stimulus did not deteriorate tuning curve parameter values, the lower Q 10 dB value seems to be a consequence of the ASSEP method. Although the ASSEP tuning curves are significantly broader than the psychophysical measurement they intend to match, they are sharper than published previous attempts using CAP recordings (Eggermont, 1977 : Q 10 dB ϭ 1; Harrison, et al., 1981a : Q 10 dB ϭ 2.3; Harrison, et al., 1981b: Q 10 dB ϭ 2.3). Human ABR tuning curves have also been reported to be broader than the psychophysical ones (Klein & Mills, 1981) , but no quantitative evaluation of tuning curve sharpness has been provided in this study.
The intersubject variability was similar for the human ASSEP tuning curves and the human psychophysical ones measured with pure-tone and AM probes.
Detuning: Experiments 1 and 2
In most instances, ASSEP tuning curves were tuned to a frequency above the probe frequency. This "detuning" (Harris, 1979) or "positive maximal masker frequency shift" (Vogten, 1974) has repeatedly been described in association with CAP tuning curve measurements in the chinchilla (Harris, 1979) , the gerbil (Dolan, et al., 1985) , and the human species (Harrison, et al., 1981a) , as well as psychophysical tuning curve measurements in humans (Vogten, 1974 (Vogten, , 1978a Moore, 1978) . Detuning typically amounts to 5 to 10% of the probe frequency (Vogten, 1978a) and increases as probe level is raised (Harris, 1979) . It has been attributed either to spectral splatter associated with brief probe stimuli (Harris, 1979; Dolan, et al., 1985) or to one of the cochlear nonlinearities, namely two-tone inhibition (Sachs & Kiang, 1968) or suppression (Pickles, 1988) . Two-tone suppression only occurs when two stimuli are simultaneously delivered like in simultaneous masking, and is due to the asymmetry of the suppression function favoring suppression of the probe tone by higher masker frequencies (Arthur, et al., 1971) . Nonsimultaneous forward-masking has been advocated to avoid such complications (Harris, et al., 1976) , but because this technique requires brief probe stimuli, it is not compatible with ASSEP recording.
There is no indication from the psychophysical comparison between the two types of probes that the use of an AM one per se enhanced detuning, because its overall rate of occurring was the same (3/10) for AM and pure-tone stimuli. Although there was a trend for a greater incidence of detuning with the ASSEP procedure than with the psychophysical one, the difference in detuning between the two procedures (psychophysical versus ASSEP) was not significant. In any case, with detuning effect limited to maximal values of 200 Hz, this phenomenon should not interfere with dead cochlear region diagnosis provided that the dead region is not too narrow and that probe frequencies located in the middle of the dead region are tested.
Perspectives
Being faster than ABR tuning curve measurements, which require up to 2 to 3 hr for six data points (Klein & Mills, 1981) , the ASSEP tuning curve method holds the promise of being suitable for clinical practice because simplifying the threshold tracking algorithm by limiting duplicated measurements around threshold in the human recordings lowered the recording session to 40 min compared to the 120 min required for the systematically duplicated measurements performed in the dog. Recording time would further be decreased by increasing the final step size from 2 to 5 dB and by limiting the number of data points to the minimum needed to obtain the parameter required to answer the clinical question (maximal masker frequency value for dead zone identification, Q 10 dB value for frequency selectivity evaluation). Zwicker and Schorn (1978) have shown that clinically useful data on cochlear frequency resolution could be obtained by drawing simplified tuning curves by measuring only three points below and three points above the probe frequency. Careful selection of the masker frequencies spanning at least one octave below the probe and much more closely spaced along the steeper high-frequency slope allows a reliable estimation of tuning curve morphology. Applying these simplifications should reduce the recording time to about 30 min. These findings are encouraging for clinical applications in human medicine, enabling frequency resolution assessment and cochlear dead zone identification in noncooperative children and babies for whom electrophysiologic recordings under sedation are the only practical means of refined assessment of their peripheral auditory function for rehabilitation purposes.
The results obtained in the present study are sufficiently compelling as to justify further intraspecies systematic and comprehensive comparisons between ASSEP tuning curves and standard tuning curve measurement techniques across a wide range of frequencies both in normal and hearing-impaired subjects.
